The Canadian Fisheries Research Network (CFRN) was a collaboration among fish harvesters, academic researchers, and government scientists that undertook research between 2010 and 2016 on questions about fisheries that were identified by fish harvesters and pertinent to management objectives. This paper provides a synthesis of the scope and results of the CFRN. It explores the link between the increasing challenges to fisheries sustainability and the need for increased research capacity and for a collaborative approach. It documents the creation of the collaboration, the research it accomplished, and its benefits and explores the need for ongoing collaboration. The papers in this special issue on the CFRN demonstrate the benefits of collaborative fisheries research that are of relevance internationally and support the need for a permanent collaborative platform to conduct research to support fisheries management capacity and decision-making in Canada.
Introduction
Industry, academia, and government all have unique contributions to make to fisheries research, and no single group can provide the information required to meet the increasing challenges of fisheries sustainability alone. New information and approaches are required if Canadian fisheries are to be ecologically sustainable, economically viable, socially acceptable, and competitive in international markets, all the while navigating a period of rapid change and uncertainty. There is a need for collaboration in research to solve persistent and emerging problems in fisheries; to make the most of the diverse capacities of industry, academia, and government; and to build new capacity in fisheries science. These groups must be linked across Canada in a coordinated, strategic way to identify priorities, undertake research, and disseminate information and in other ways minimize or mitigate the inherent problems of the geographic and institutional silos that exist in fisheries research.
Fisheries are important to Canada as a source of employment and revenue for coastal communities and as an export commodity (DFO 2016 ). Yet, fisheries face increasing challenges to sustainability. Domestic and international markets are calling for new sustainability standards, as evidenced by the growing influence of certification bodies like the Marine Stewardship Council (MSC 2019) . Increasingly, there is a need to consider resource productivity and ecosystem health with economic viability in a way that is socially acceptable and administratively effective. This delicate balancing act is converging with rapidly changing conditions in the global climate, economy, and coastal communities, adding considerable uncertainty and pressure to fisheries management.
There is a recognized need for increased research capacity through collaboration among interested parties to address the challenges of fisheries sustainability (Beamish and Rothschild 2009; GAP2 2015) . Fisheries management is evolving toward more holistic considerations consistent with ecosystem-based and integrated management, as evident with the emergence of management plans that include not only ecological but also social and economic objectives (e.g., Fisheries and Oceans Canada (DFO) Sustainable Fisheries Framework (http://www.dfo-mpo.gc.ca/reportsrapports/regs/sff-cpd/overview-cadre-eng.htm), including Integrated Fisheries Management Plans (http://www.dfo-mpo.gc.ca/fm-gp/ peches-fisheries/ifmp-gmp/index-eng.htm), and other performancebased standards nationally and internationally). The realities of developing and implementing such management approaches are highly complex. New and different research strategies will be required to fulfil the bigger and broader scientific agenda that is characteristic of ecosystem-based management.
There is limited capacity within conventional research institutions to meet the needs of fisheries science under ecosystembased management. While Canada has a strong fisheries research tradition, its research capacity has been geographically and institutionally disparate. For the past 40 years, DFO has carried out the majority of fisheries-related research in Canada, focusing on the natural sciences. With some exceptions, the Canadian academic community has been insufficiently engaged in fisheries research, especially in recent decades where academic research has focused largely on fundamental as opposed to applied research (Stephenson 2016) . Institutional barriers within academia, including the academic funding model structure (i.e., academics are hired, funded, and promoted for the scientific novelty and independence of their work, not for its relevance to management) and perceptions about the value of fundamental versus applied research, have served as disincentives to fisheries research (Rose 2003) .
Fish harvesters have also been insufficiently engaged in science pertaining to fisheries management, despite being most directly affected by management decisions in terms of their economic livelihoods and well-being. Although fish harvesters have intimate knowledge of fisheries and extensive experience on the water, their knowledge has been insufficiently used in fisheries management compared with data from governmental surveys and sampling programs (e.g., Neis et al. 1999; Murray et al. 2008) . Fish harvesters face organizational and financial challenges to participation in science, particularly when it comes to independent, owner-operator fleets, and there is a lack of institutional capacity to integrate qualitative information in management decision-making. Nonetheless, the legitimacy of harvester knowledge and its value in scientific research is becoming increasingly recognized, as are the benefits to management from harvester involvement through increased ownership of problems and cooperation Rose 2014, 2017; Stephenson et al. 2016; .
This paper and special issue on the Canadian Fisheries Research Network (CFRN) describe a novel initiative of collaborative research that brought together fish harvesters, academia, and government across Canada in a harmonized effort to tackle some of the key challenges of fisheries sustainability.
Creation of the CFRN
The opportunity for collaborative research arose from a special Government of Canada funding allocation to the Natural Sciences and Engineering Research Council of Canada (NSERC) for knowledge and innovation advancements in capture fisheries to boost Canada's productivity and competitiveness during the economic crisis of 2008 (Department of Finance Canada 2008). The timing of the opportunity coincided with a need to address applied fisheries issues to promote sustainable fisheries management in a rapidly changing environment and context of diminishing government capacity. The need for collaboration was identified in the DFO 5-year research plan for 2007-2012 (http://www.dfo-mpo.gc.ca/ science/Publications/fiveyear-quinquennal/index-eng.htm#a5); there was recognition from harvesters of the need for additional research and interest in collaboration; and there was a recognized need to engage the academic community (e.g., Rochette et al. 2018) .
NSERC issued a call for proposals in May 2009, specifying that applications were to address industry priorities in capture fisheries, under its Strategic Network Grants Program, which supports large-scale, multidisciplinary research projects that require a network approach and involve collaboration between academic researchers and Canadian-based organizations. Funding was conditional upon having the strong commitment and active involvement of industry and government partners in all stages of the network, from development of the proposal to use of the research results. Further, while the research would be weighted towards the natural sciences, it would "also integrate the engineering, management and social sciences, given that an interdisciplinary approach is required to inform sustainable capture fisheries management decision making" (NSERC 2012).
To develop a unified network proposal, considerable work including several meetings and workshops involving fish harvester, academic, and DFO representatives was undertaken over 18 months to build consensus on the need for a national collaborative research network by the national organizations and institutions that comprised a steering committee (DFO, Ocean Management Research Network, Canadian Council of Professional Fish Harvesters, and the Fisheries Council of Canada; see for example description in Rochette et al. 2018 ). Had it not been for the existence of these national organizations and institutions from the three sector partners (government, academia, and fish harvester organizations), the CFRN would not have seen the light of day given the highly diffuse nature of Canada and its fisheries. From these meetings, a number of thematic research priorities of the industry emerged, in accordance with the proposal requirements. The process led to the submission of a successful proposal in October 2009, resulting in the creation of the CFRN.
The CFRN linked academic researchers with fish harvesters and government scientists to undertake collaborative research driven by industry priorities and pertinent to management objectives in support of sustainable fisheries management. The CFRN brought together more than 30 academic researchers from 15 universities across Canada; fish harvesters (primarily independent owneroperators) representing Atlantic, Pacific, and Great Lakes fishing fleets; 50 students and postdoctoral fellows; and representatives from DFO (mainly scientists) and some provincial governments. Designed to be highly collaborative and to forge close partnerships among these groups, the CFRN drew on the combined experience, expertise, and abilities of fish harvesters, academics, and government scientists thought to be critical for addressing current and emerging issues.
An important goal from the outset for fish harvester and government partners was to re-establish academic involvement in applied research in support of fisheries management objectives. The Canadian academic community was seen as being largely remote from applied fisheries research, which was viewed as being the purview of government. The historical separations and even alienation of academic and governmental research, which increased after the incorporation of the Fisheries Research Board into government line management in 1973, is discussed by Hayes (1973) and Stephenson (2016) . While there was considerable fisheries research occurring in Canada already, the added value of the CFRN was that it supported projects that required the involvement of all three partners in the research, thereby fulfilling a much needed opportunity for change in the approach to fisheries science in Canada. The fish harvesters, academics, and DFO scientists who were involved in the CFRN saw the value in this approach and were committed to it, or at least thought it deserved a chance.
The CFRN undertook a limited number of strategic research projects that generated new information designed to strengthen the sustainability and viability of the capture fisheries sector and its policies and management. The budget was heavily weighted to collaboration, which was the core of the network approach, and to the training and development of students and postdoctoral fellows. Students were the foundation of the research program and carried out most of the research, and the collaborative experience of the CFRN equipped them with a unique skill set to tackle the contemporary challenges of fisheries science and management in their careers (see Turgeon et al. 2018) . The research was coordinated, where appropriate, with DFO programs so that it would be relevant and complementary to existing initiatives. DFO established a companion funding stream to facilitate the participation of its scientists in the activities of the CFRN and also committed the support of a biologist who worked with the Principal Investigator to enhance the interaction of researchers with DFO scientists in regard to information and analyses.
Partners were involved in all stages of development of the CFRN and its projects (e.g., proposal writing, developing research objectives and methods, conducting research, using results) and in shaping the strategic direction of the CFRN. Extensive efforts were made to reflect the interests of partners and to draw on their wealth of skills, experience, and knowledge in research and activities throughout the entire CFRN lifespan. By actively facilitating the joint development of research projects, the CFRN fostered an appreciation for the unique contributions of each partner to the research and a sense of equality among all partners at the table. This approach created a different working environment and was especially important for fish harvesters, who have traditionally felt marginalized in fisheries science research.
The governance of the CFRN was specified in an agreement signed by partner representatives (organization chart available at http://www.cfrn-rcrp.ca/Public-Governance-EN). A Board of Directors comprising fish harvesters, academics, and government representatives was responsible for all strategic and financial matters related to the management of the CFRN and its projects, reporting to NSERC as the granting agency for the initiative. A Scientific Committee, also consisting of tripartite representation, conducted annual project appraisals in regard to their scientific basis, collaborative nature, and benefits to partners and made recommendations to the Board. Projects operated under memoranda of understanding (MOUs). A Network Facilitator served as the primary liaison with industry to achieve consensus among project partners and ensure harvester perspectives and interests were well represented (e.g., by working closely with the Project Leaders and usually chairing the initial meetings of the projects); to identify and facilitate opportunities for industry participation in CFRN activities; and to participate in Board and Scientific Committee meetings (see Rochette et al. 2018 for a full description of the role and importance of the Network Facilitator position). An Implementation Team comprising the CFRN Principal Investigator, Manager, Facilitator, DFO Liaison, and DFO Biologist supported planning, implementation, and reporting of projects and CFRN activities, especially during the early years of the CFRN. An Independent Scientific Advisory Panel, including Canadian and international scientists external to the CFRN from government, academic, and research institutions, reviewed the progress of the CFRN on an annual basis and offered strategic scientific input on future activities to the Board.
Selection and development of the projects
In selecting and developing projects, the CFRN employed a participatory process of building consensus on research objectives and methods (co-construction) that was critical to the overall success of the CFRN. The co-construction process was simple but thorough and carefully planned, consisting of three key sequential steps: (1) questions identified by fish harvesters and supported by government scientists and academic researchers; (2) research designed jointly by fish harvesters, academic researchers, and government scientists; and (3) facilitated collaboration and imple- mentation of research. The process (Fig. 1 ) was applied to discussions and projects in the CFRN as a whole, including a series of workshops during which partners met in person to launch each project.
The research questions identified by fish harvesters were evaluated with government scientists and academic researchers for their scientific novelty, feasibility, relevance, and usefulness for achieving management objectives. Another consideration was whether fish harvesters were uniquely positioned to contribute to certain topics, particularly in terms of providing data that would have been much more costly to obtain otherwise. Once there was consensus on the questions, the research methods were designed and developed together by the three partners, with particular emphasis on data collection requiring collaboration with harvesters. This co-construction process validated the research questions in terms of their scientific merit and usefulness to management, solidified the need for all three partners to be involved in carrying out the research, and forged a consensus among them on the importance of the research ). There had to be enthusiasm for the research questions from all three partners for the project to proceed.
Being involved at such an early stage in the process was a new, exciting, and legitimizing experience for many fish harvesters. At an initial scoping workshop, for example, one fish harvester representative stated that they had worked in fisheries for decades and had been involved in many scientific projects over the years, but had never been invited to participate before the research had been conceptualized or designed. Rather, their involvement had always occurred after the project was well underway, typically in the data collection stage. Early involvement of all partners was fundamental to fostering a sense of equality in the projects and to making fish harvesters in particular feel central and valuable to the scientific process.
Recognizing that there were more priorities under these themes than could be addressed by the available funding, the CFRN explicitly chose to focus on projects that were highly collaborative and required the involvement of all three partners. This criterion was the common denominator of all projects in the CFRN (rather than having a single overarching theme that unified projects). Central to the CFRN vision, this approach was recognized as advantageous and essential for addressing the multiple objectives required of sustainable fisheries and for building capacity for collaboration that will be needed for participatory governance regimes.
Another criterion in the project selection process was an emphasis on fisheries issues that were relevant nationally. Partners worked together to overcome the complexities of geography by proposing projects that either crossed geographic boundaries or would be tested in one area but could be applied more broadly (see, for example, projects on reducing seabed impacts and impacts of marine mammals described below).
The CFRN invested heavily in facilitating the close collaboration required to unite fish harvesters, academic researchers, and government scientists in a common understanding and approach to achieve its vision. Facilitation was important to the launch of the CFRN as a whole, given the varied nature of the partners and their lack of history of tripartite research collaborations in fisheries science. Collaborative agreements in the form of project MOUs (template available at http://www.cfrn-rcrp.ca/Public-Products-EN) enhanced collaboration by providing structure for discussion among partners to achieve consensus on key elements of the project, such as the research objectives, roles and contributions of each partner, governance and decision-making, and shared intellectual property of jointly produced knowledge. The MOUs served as a contract among partners and were a precondition for the initiation of the research and release of project funds. While the MOUs were not revisited much beyond the initial project meetings, the process was critical to building trust and establishing expectations for the projects at the outset. The co-construction process, with MOUs as a tool, took time and effort, but resulted in unique and close project collaborations that produced novel research results and will outlast the CFRN.
The research of the CFRN
The CFRN undertook diverse research across Canada that was grouped into seven major projects: (1) Comprehensive Fisheries Evaluation Framework, (2) Management Strategy Evaluation, (3) Freshwater Node, (4) Lobster Node, (5) Reducing Seabed Impacts, (6) Closed Areas, and (7) 
(1) Comprehensive Fisheries Evaluation Framework
This project brought together a diverse and interdisciplinary group of academic researchers with fish harvesters and government scientists and some managers from across Canada on research related to the comprehensive evaluation of fisheries sustainability, including explicitly the identification and integration of ecological, economic, social, and institutional objectives (http:// www.cfrn-rcrp.ca/Public-Project1.1-EN). A framework for evaluating fisheries sustainability was developed with candidate objectives and relevant performance indicators, and situated in the context of Canadian management (S.D. Paul, DFO, unpublished data), policy (Stephenson et al. 2019) , and international commitments , enabling the practical consideration of diverse objectives of full-spectrum sustainability in fisheries management.
Cross-referencing the framework with policy statements demonstrated that the comprehensive suite of objectives are supported by existing policies in Canada to a greater extent than appreciated or presently employed in fisheries management. A range of case studies explored certain aspects of the framework, especially in the relatively neglected areas of distribution of access and benefits, health and well-being, and regional economic benefits to the community (summarized in Stephenson et al. 2019) , and several of these will be published in a dedicated issue of Ecology and Society focused on full-spectrum sustainability (https://www.ecologyandsociety.org/issues/view.php?sf=132). The nature of this project necessitated deliberation and progress on the challenges of interdisciplinary research, especially in relation to effective interdisciplinary teamwork and combination of expertise and methods across disciplines (transdisciplinary), and resulted in contributions to international meetings and academic literature on the topic of effective interdisciplinary research collaborations (e.g., Stephenson et al. 2017 ). The project demonstrated the feasibility and benefit of working collaboratively to overcome disciplinary and organizational silos.
(2) Management Strategy Evaluation
The CFRN turned the attention of academics who had been working internationally on Management Strategy Evaluation (MSE) to a series of case studies examining the feasibility and usefulness of MSE in the Canadian context. Through a collaboration involving academics from two universities, fish harvesters, DFO scientists, and some managers, various aspects of MSE were explored in five diverse case studies on Canada's Pacific coast, in what became known in the CFRN as the West Coast Node, including the British Columbia small boats groundfish fleet (http:// www.cfrn-rcrp.ca/Public-Project3.3a-EN), Skeena River salmon fisheries (http://www.cfrn-rcrp.ca/Public-Project3.3b-EN), Hecate Strait crab fisheries (http://www.cfrn-rcrp.ca/Public-Project3.3c-EN), Pacific hake and herring fisheries (http://www.cfrn-rcrp.ca/ Public-Project3.3d-EN), and West Coast Vancouver Island salmon troll fishery (http://www.cfrn-rcrp.ca/Public-Project3.3e-EN).
The project described MSE as being both a set of techniques and a collaborative process for evaluating management options. While a 5-year research project is an insufficient context and time frame within which to implement a full MSE, the research contributed to an improved understanding of the techniques and requirements of MSE (see, for example, Wor et al. 2018) . Importantly, the project promoted MSE as more than just a reformulation of ecological assessment into management terms, but rather a broader approach that also integrates economic and social considerations, thereby improving understanding of how well different management procedures meet the various objectives of each of the case study fisheries. Links to the Comprehensive Fisheries Evaluation Framework project in the CFRN were identified and led to valuable cross-project collaborations on the framework development.
The project sparked interest from DFO and fish harvesters, many of whom had no previous knowledge of MSE, in the potential usefulness of MSE as a fisheries management tool and process. Using MSE as a conduit, an array of partners were brought together to engage in collaborative work and deliberation on a broad range of objectives, with application to effective co-management arrangements for the different Pacific fisheries.
(3) Freshwater Node
Building on an already established industry-led research partnership between the Ontario Commercial Fisheries' Association and the University of Guelph, funded in part by industry levy, the CFRN prompted provincial and federal governments to join the research team, in what became known as the Freshwater Node (http://www.cfrn-rcrp.ca/Public-Project1.4-EN). With broad stakeholder engagement in both the research planning and implementation, the Freshwater Node identified and investigated, by way of multiple subprojects, three of their research areas of greatest concern: (1) effects of harvest and ecological factors on fish recruitment and life-history traits (e.g., Zhang et al. 2015) , (2) effects of harvest on the dynamics of fishery food webs, and (3) development of tools and techniques for risk assessment and management.
The project (represented in the CFRN special issue by Zhang et al. (2017 Zhang et al. ( , 2018 and Gislason et al. (2018) ) demonstrated that fisheries management in Lake Erie has been relatively successful in minimizing negative harvest effects, such that the dynamics of exploited fish populations were more strongly affected by environment than harvest. This research adds to the evidence that effective fisheries management is capable of rebuilding depleted fisheries and maintaining healthy fisheries, but concludes that fisheries management needs to move beyond the ecological dimension to incorporate economic, social, and institutional aspects for society to be better assured of the sustainability of fisheries in rapidly changing ecosystems. Overall, the research contributed to an improved understanding of the need to appreciate the socioecological complexity of fisheries, acquired through interdisciplinary approaches to the valuation of information and risk governance, for application to fisheries management. Collectively, the case study results led to insights and better appreciation of fisheries as complex, adaptive social-ecological systems than might otherwise have been gained from an approach founded less on key stakeholder questions. Links to the Comprehensive Fisheries Evaluation Framework and MSE projects resulted in crossproject collaborations on the framework development.
(4) Lobster Node
The Lobster Node united diverse and dispersed fish harvesters and government and academic scientists, with limited history of research collaboration, across all five provinces of the Canadian lobster fishery, and in so doing substantially enhanced academic capacity in lobster research in Canada ). The Lobster Node was the largest project of the CFRN in scope and involvement of partners, and it had considerable success in the co-construction of research objectives and methods for novel case studies on lobster larval biology (http://www.cfrn-rcrp.ca/PublicProject1.3-EN), stock structure, and connectivity (http://www.cfrnrcrp.ca/Public-Project1.2-EN) in relation to lobster management areas. Its research comprised five integrated activities: (i) extensive at-sea sampling by and with harvesters to quantify the abundance and distribution of egg-bearing females (e.g., Haarr et al. 2018) , (ii) development of a large-scale (most of the species' range) biophysical model of larval dispersal (e.g., Quinn et al. 2017 ), (iii) laboratory and field studies to elucidate factors influencing recruitment and early life survival of young lobsters, (iv) use of acoustic telemetry to quantify the movements of different benthic stages (e.g., Morse et al. 2018) , and (v) use of next generation sequencing technology to elucidate lobster genetic stock structure and adaptive genetic variation. The Lobster Node also pioneered the development of new standard measuring tools and methods, along with workshops and materials to train fish harvesters on their use in data collection.
The collaborative vision of the CFRN was exemplified by the Lobster Node. Broad and active participation by all three partners developed an exceptional rapport, including understanding and respect for the contributions of each partner and their professional objectives and responsibilities. The Lobster Node became a forum for broad discussion of issues and priorities related to the entire Canadian lobster fishery and a platform for new research. Opportunities arose during the project to use this research platform to address new questions, some of which were again identified by fish harvesters (e.g., egg-bearing females with "abnormal clutches", impact of salmon aquaculture on lobsters), and the Lobster Node successfully co-constructed new research objectives and methods to address them and leveraged funding to carry out the research. These successes clearly demonstrated the longerterm usefulness of this collaboration, prompting the Lobster Node to institutionalize its structure through incorporation (Lobster Node Inc.).
(5) Reducing Seabed Impacts
This project linked capacity on fishing gear design with that of habitat characterization in a study of the possibilities for modifying gear to reduce seabed impacts (http://www.cfrn-rcrp.ca/PublicProject2.2-EN). Comprising three case studies situated on Canada's Atlantic and Pacific coasts and in Quebec, it bridged geographic and linguistic divides to bring together groups that probably never would have overlapped if not for the CFRN. Novel trawl designs, including footgear and a gear monitoring system, were devised and tested in trawl simulations (flume tank) and at sea on Newfoundland and Labrador northern shrimp trawlers (Winger et al. 2018) . Habitat suitability models were also developed to predict benthic species assemblages and distribution and the potential impacts of fishing gear over time, with application to Marine Protected Area planning and ecocertification. Included were case studies of the British Columbia sablefish longline trap fishery and deep-sea coral communities (Doherty et al. 2018 ) and activities of the Northern Gulf of St. Lawrence shrimp fishery in relation to Marine Stewardship Council certification (Moritz et al. 2013 (Moritz et al. , 2015 .
In addition to the geographic challenges that featured in this project, markedly different motivations existed among the project partners, such as conservation and economic and social licence, which are often perceived to be competing objectives. The comfort level of fish harvesters in terms of understanding habitat suitability models and their applicability to mitigating the impacts of fishing gear on bottom habitat, which can be a sensitive topic, was initially tenuous for some participants, so extra time was required to clarify the purpose and goals of the research. The project demonstrated that partners with diverse objectives can form effective research teams through practices such as allowing more time for project initiation, investing in face-to-face meetings early on, and working aboard fish harvester and government vessels to build relationships and share knowledge.
(6) Closed Areas
Fisheries worldwide are increasingly having to adapt operations to closed areas, from changes in seasonal closures to the growing emphasis on Marine Protected Areas and other areas in which fisheries are limited or inaccessible due to the presence of other activities or management objectives. Closed areas have become a cornerstone of an ecosystem-based approach to link fisheries and marine conservation and management, at times with insufficient scientific scrutiny of their benefits and liabilities. This project linked fish harvesters on Canada's Atlantic and Pacific coasts and in the Indian Ocean, academia, and provincial and federal governments to evaluate the impact of closed areas on fisheries (http://www.cfrn-rcrp.ca/Public-Project3.1-EN). Fish harvesters across the CFRN were supportive and enthusiastic about this research, being a controversial and pertinent topic whose study was seen to be in its infancy when the project was launched.
Using the Hawke Closure off Labrador Rose 2014, 2017; ) and the Mafia Island Reserve in Tanzania ) as domestic and international case studies, respectively, the impacts of closed areas were investigated on commercial fishes and biodiversity and also on the fisheries, fish harvesters, and communities impacted by closures. The involvement of fish harvesters in closed areas management was reviewed, and an indicator-based scorecard for closed areas was developed under an ecosystem-based management approach . From the outset, as recommended by harvesters, academics, and DFO scientists and managers in the planning stages of the project, the work linked traditional quantitative fisheries science, being mostly ecological in nature, with qualitative information from fish harvesters and government scientists and managers most knowledgeable about the regions under study. For the most part, all participants were willing to share their data, knowledge, and opinions, without which the project would not have succeeded, owing to the early and open involvement of all participants and the universal goal of having sustainable fisheries. In particular, the support of, and discussions with, fish harvesters in Labrador who fish the Hawke Channel was not only fundamental to the research but often inspiring in terms of emphasizing the positive role that harvesters can play not only in sustaining their fisheries but in biodiversity conservation Rose 2014, 2017; ).
(7) Marine Mammals and Fishery Interactions
This project linked government scientists, academic researchers, and fish harvesters on Canada's east and west coasts for the first time to assess the impacts of marine mammals on the recovery of fish stocks, a contentious topic that was common to both coasts. The notion that marine mammals were impairing the recovery of commercially important fish stocks was widely hypothesized, but had not been sufficiently addressed through previous research. While strong capacity existed in Canada in marine mammal science within both academia and DFO, prior to the CFRN these groups had never had the opportunity to work together, nor with fish harvesters in this context, who were described as wise leaders who brought decades of experience and a wealth of knowledge and insight to the project. The collaboration led to the development of very practical research objectives and case studies, including interdisciplinary aspects, which were of great interest and relevance to fish harvesters, not only in the project, but in the broader CFRN.
The impact of seals and sea lions on the recovery of Pacific salmon and Atlantic cod was assessed by modelling the consumption of cod and salmon by seals and sea lions and population threshold levels for these predator and prey species (http:// www.cfrn-rcrp.ca/Public-Project3.2-EN). In addition, interactions between grey seals and fishing gear in the Gulf of St. Lawrence were quantified using input from fish harvesters on their observations and experiences with grey seals. This information was collected through a novel questionnaire developed collaboratively by a group of fish harvesters, academics, and DFO partners who designed a formal standard of assessment for direct and indirect costs to fish harvesters. Collectively, these studies of marine mammal consumption, predation, and costs to fishing activities were used to evaluate management options that might enhance the recovery of cod and salmon populations (e.g., Neuenhoff et al. 2019; Nelson et al. 2019 ).
Benefits of the CFRN collaboration

Close collaboration founded on trust and strong relationships
The CFRN attempted to revitalize research collaboration among fish harvesters, academia, and government; re-establish a tradition of academic participation in fisheries research; and integrate the social sciences to a greater degree than has been the case historically. The major success of the collaboration lies in the close relationships that were founded among academic researchers, students, and postdoctoral fellows; numerous fish harvester associations and professionals; provincial governments; and DFO representatives across geographic, disciplinary, and linguistic divides. The initiative unified much of the Canadian independent owner-operator fishing fleets on research priorities and cultivated a group of over 30 academics in the natural and social sciences from 15 institutions to engage in collaborative fisheries research. As many as 75 representatives from DFO had some degree of involvement in the CFRN, mostly scientists but some managers as well. In total, up to 200 participants of diverse backgrounds were united in a common cause, which is a less tangible benefit than the actual research results but arguably just as important.
Many of the relationships that were established did not exist or were cursory prior to the CFRN. Testimonials from CFRN members highlight the importance of the relationships that were built through the collaboration.
Launching the CFRN took institutional courage. The success of CFRN was not a foregone conclusion. It took 2 years to get it off the ground from the time the funding became available. It took courage from the industry to move past their inherent distrust of government and academia, and to participate when they didn't know what the answers to their questions would be. It took courage from academia; this was an unusual way of doing business. It took courage from students; maybe they didn't realize what they were getting into. It took that courage and willingness to venture forth from all parties to launch the Network. A lot of uncertainty and requirement for courage has been converted to conviction that these groups can work together and do things in a different way. [Dave Gillis, Fisheries and Oceans Canada (retired)] I was one of the biggest doubters of this collaborative process. There was a fear of working with academics because they were never connected with the results of their science, and there was a fear of working with DFO because they were using those results to push industry into the predator pit instead of helping us get out of it. It has not been a pleasant relationship between the academics and the fishermen until 5 years ago when the CFRN began. I'm thankful for the CFRN for collaborating not only on science, but on the results of science. [Joy Thorkelson, United Fishermen and Allied Workers' Union]
Other members reported that pre-existing relationships were enhanced as a result of the CFRN.
At every CFRN meeting, pre-existing connections were strengthened and energized, new connections were formed, and people were positioned to do more work together. For example, I had been working with one fisherman for decades, but in the last ten years our connection was weaker because we had not been collaborating on any projects. Thanks to the CFRN, we are now in communication on several matters, and he is co-authoring a paper for my special issue in an academic journal. Another industry colleague and I have known each other for over 40 years but we are in contact now more than ever because of CFRN activities and spinoffs. I am working with a new industry colleague on issues that have grown out of the CFRN; he connected me with the Fisheries Minister's aides so that I could correspond with the Minister. CFRN has also strengthened my connection to academic colleagues in my own field and related fields. There are innumerable spinoffs with all kinds of other benefits which are too many to catalogue. And it is much more than research, because we are all dedicated to reforming fisheries policy. [Evelyn Pinkerton, Simon Fraser University] Success in building trust and strong relationships was closely linked to the co-construction process that engaged all three partners in the development of research objectives and project MOUs, a transparent process that gave all parties a sense of equality and value from the outset. Meeting practices and formats that encouraged collaboration and mixing across sectors and disciplines were also important to fostering relationships. More than simply token involvement, the CFRN developed a brand of close collaboration, building on the organizational and intellectual strengths of fish harvesters, academics, and government scientists, addressing critical areas of need, and pushing disciplinary and institutional envelopes. The CFRN was described by some of its members as a new model for fisheries science founded in collaborative, interdisciplinary, multi-stakeholder participation in research pertinent to management decision-making.
We have chased many elephants out of the room. When we first met with academics and scientists to entertain the possibility of embarking on a new concept of collaboration, there was initially an apprehension from harvesters' associations. We were not sure what we were doing in the same room. Open and transparent communication has broken down many walls. This [Lobster Node] process has been a great help. We now have the full circle of participants needed to have an effective science research team. [Leonard Leblanc, Gulf Nova Scotia Fleet Planning Board] Partners are committed to building on the work and established relationships of the CFRN in a future, large-scale initiative. Meanwhile, some CFRN projects have already leveraged funding to continue the research and build on established collaborations. Rochette et al. (2018) reports, "Participants from all partner groups commented on having never experienced such dedication, positivity and synergy among government, industry and academia" and goes on to describe the new collaborative activities and initiatives that have emerged from the Lobster Node as evidence of the importance of the established relationships. Members of the West Coast Node involved with the MSE projects have partnered with social scientists on research to improve transparency and stakeholder engagement in fisheries management decisions, building on existing CFRN projects and collaborations. The momentum generated by the CFRN and the enthusiastic support of partners to go forward is strongly indicative of the success and value of the CFRN.
The CFRN also developed international partnerships through research collaborations and exchange visits with relevant groups in Australia, Europe, Africa, and the United States. One particularly fruitful partnership was with the GAP2 Project (http:// gap2.eu), which resulted in several exchanges of delegates between Canada and Europe to share experiences, lessons, and best practices for collaborative participatory research. The exchanges included visits to coastal communities and time on boats with local fish harvesters, experiences that were unique and instrumental in developing a deep sense of connection and understanding among participants (http://gap2.eu/the-gap2-exchange/the-gap2-exchangeblogs/cfrn-gap2). The international partnerships enhanced and influenced the research of all parties involved, resulted in contributions to international conferences and academic literature (e.g., , and will be a springboard for future collaboration.
Platform for strategic thinking
The CFRN provided a national forum for deliberation of issues and research priorities in fisheries science. The annual meetings of the CFRN facilitated the national exchange of information and perspectives among partners at an unprecedented scale and with direct relevance to fisheries sustainability. Opportunities arose to use the CFRN platform to address new or additional research questions in the projects, and several projects were successful in leveraging funds. As well, strategic national workshops using the CFRN platform and formula for co-construction were held to identify research priorities for additional topics that were of interest to partners, for example the impacts of sediments, nutrients, and contaminants on coastal fisheries health and productivity (Thompson and Courtenay 2012) and energy use in Canadian fisheries (Paul et al. 2012) . As a "one-stop shopping" platform of fish harvesters, academics, and government scientists, the CFRN enabled more rapid and effective development of consensus on priorities and methods for new research. It demonstrated the value of collaboration and the usefulness of a national conversation on research to inform Canadian fisheries policy and management.
The Lobster Node formalized its collaboration through incorporation to establish a permanent structure for collaborative research in support of the lobster fishery in Canada, an arrangement that is arguably needed for fisheries research at a broader scale as well. An institutionalized national research platform with representation from diverse sectors and disciplines, building on the CFRN model, would be uniquely positioned to help address the changing needs of fisheries science and management in Canada going forward.
Efficient and effective research
The CFRN assembled a large team across Canada, including over 100 active members and a greater membership of around 200 people, who were motivated enough to launch this ambitious initiative and stay together for its duration. Engagement of partners was consistently high over the lifespan of the CFRN, with over CAN$7.3 million in cash and in-kind contributions leveraged on top of the CAN$5 million investment by NSERC, for a total value of more than CAN$12 million (Fig. 2) . This represents good leverage from the perspective of each participating partner.
The CFRN was an unparalleled collaboration in fisheries research across sectors, disciplines, geographic areas, and topics, which would not have been possible without a coordinated network approach. For example, the Freshwater Node brought government into a long-standing industry-academic research partnership at last. The Marine Mammals project introduced fish harvesters and government scientists on Canada's east coast to academics on the Pacific coast to undertake novel research on marine mammal-fisheries interactions. The Lobster Node linked harvesters, academics, and government scientists in all five provinces of the lobster fishery range for the first time, with harvesters contributing data samples from over 2700 boat trips in 5 years. The CFRN linked social and natural science capacities, especially in research on the evaluation of fisheries sustainability.
Recognizing that each group had unique and valuable intellectual contributions to make was critical to the effectiveness of the collaboration and especially important for fish harvesters, who have a history of being marginalized in science or, at best, playing the role of data collector (Neis et al. 1999) . When it comes to fish harvester contributions to fisheries assessment and management, a wide spectrum is possible, ranging from fish harvesters providing information to scientists, to collaboration in defining research needs and conducting research, through to governance regimes in which fish harvesters both contribute knowledge and actively participate in research and management . By actively shaping and encouraging a milieu in which fish harvesters, academia, and government were equal partners in the research, the CFRN demonstrated that a new model was possible for fisheries science, one that is founded in collaborative, interdisciplinary, multi-stakeholder, participatory research.
While the CFRN accomplished a great deal, the resources available were woefully insufficient for the level of ambition of the partners and the vast research needs in fisheries science in Canada. Throughout the course of the CFRN, many additional research areas in need of attention were identified but could not be pursued due to a lack of resources. Partners also recognized the need for greater integration of social science research in the CFRN as a whole. National discussions on fisheries issues and challenges facilitated by the CFRN indicated that there are considerable untapped, important research opportunities in this field (e.g., Herne and Thompson 2015) .
Capacity development
The training opportunities in the CFRN extended far beyond those of a traditional graduate studies program. The majority of the CFRN research funds supported the training and development of more than 50 students, postdoctoral fellows, and research associates who were afforded the experience of working collaboratively with fisheries academics, harvesters, and government and in some cases with First Nations, nongovernmental organizations, and international fisheries organizations as well. Through extensive interactions with partners and other students from institutions across Canada and internationally, this cohort acquired considerable knowledge of other sectors and disciplines, enhanced their research, developed effective communication and collaboration skills, and built relationships with a vast network of fisheries contacts .
Student interactions with partners included, for example, collaboration on research design, data collection and results analysis; work aboard fishing and research vessels and in fishing communities and government laboratories; fish harvesters and government scientists on thesis committees; presentations and contributions to harvester meetings and DFO stock assessment meetings; papers and publications co-authored with harvester and government partners; development of specific research products requested by partners; and collaboration on new research conducted by partners. In some instances, these interactions led to employment opportunities with DFO and fish harvester associations. This next generation of fisheries scientists has advanced skills in collaborative fisheries research and will be valuable to the Canadian fisheries realm going forward. Their experience and tradition of collaboration will enable them to be effective researchers, decision-makers, and managers, thereby increasing the capacity to promote sustainable fisheries to address the challenges of Canada's rapidly changing oceans.
Notwithstanding these successes in capacity development in fisheries science, a number of critical training and development needs that were identified by CFRN partners could not be met due to a lack of resources. For example, partners identified the need for more connections and exchanges across projects in the CFRN, which was recognized as being essential for appreciating diverse perspectives, understanding the complexities of interdisciplinary issues, and building the capacity for each sector to participate effectively; however, they are expensive and time-consuming. The limited time and resources of owner-operator fishing organizations to participate in large-scale research collaborations was also evident; the CFRN stretched them to their limits. Collaboration is an effective and necessary approach to fisheries research, but resources are needed to build capacity of the organizations, and they must find ways of generating or acquiring some resources to do so.
Interdisciplinarity
The CFRN helped bridge the gap between the natural and social sciences in research on fisheries issues, most of which are interdisciplinary and include a combination of ecological, social, economic, and institutional factors in need of study. One project was designed to focus explicitly on the integration of social science research through the development of a comprehensive framework for fisheries evaluation, including ecological, economic, social, and institutional objectives along with case studies relevant to different aspects of the framework (Stephenson et al. 2019) . Other projects evolved to include consideration of social science aspects, for example the examination of social drivers with respect to harvested fish stocks in the Laurentian Great Lakes and the integration of research on well-being, equity, governance, and population dynamics modelling in the Skeena River salmon fisheries in northern British Columbia. Stephenson et al. (2019) describe how co-construction of the interdisciplinary project on the comprehensive fisheries evaluation framework took more time than anticipated, which is now understood to be a feature of interdisciplinary projects. The research silos inherent between academics of different disciplines represent both strengths and challenges. It takes time to appreciate the diverse backgrounds and expertise of participants, to arrive at a common language when communicating, and to understand how and when to apply expertise both within and across disciplines.
Traditional funding and institutional structures represent a barrier to interdisciplinary research, yet this type of research is becoming increasingly important. Additional resources or a more interdisciplinary funding structure would have facilitated earlier and greater integration of social science research in the CFRN, which partners recognized is necessary for sustainable fisheries management, and reflects the increasing trend toward ecosystembased management. DFO has limited capacity for social science or economic research; its Canadian Science Advisory Secretariat (CSAS), which is responsible for peer-reviewed advice, is geared toward natural science rather than interdisciplinary evaluations. While greater capacity is available in universities, academics tend not to be engaged in applied fisheries processes, nor does the academic funding structure generally favour applied research. Further, interdisciplinary research falls between separate federal funding agencies for university-based research, namely NSERC and the Social Sciences and Humanities Research Council of Canada (SSHRC), making it a challenge for academics to secure funds for truly interdisciplinary research.
Need for ongoing collaboration
CFRN members discussed future needs in a planning workshop (Herne and Thompson 2015) and at the final general meeting of the CFRN (Thompson 2015) .
There is increasing need for research to support fisheries management in a context of rapid ecological and societal change. It is recognized, notably within Canada's Oceans Act and Sustainable Development Act, that fisheries and dependent communities are part of social-ecological systems (Perry et al. 2011) . Canada faces increasing challenges in managing fisheries and other coastal activities in a unified manner with regard to the complete suite of ecological, economic, social, and governance objectives required of an ecosystem-based approach, trade-offs among activities and objectives, the cumulative impact of multiple activities, and the practical aspects of integrated management across a complex governance landscape. Improved management of fisheries, as part of social-ecological systems, will require collaborative interdisciplinary or transdisciplinary research and the combined capacities of fish harvesters, academia, and government. Diverse research topics that require a collaborative approach include ecological responses to climate change, changing fish stock reference points, management strategy evaluation and other structured decision-making, ecosystem-based management, co-management and reconciliation, institutional and governance arrangements during periods of change, and approaches to access and benefits in changing regimes.
The CFRN demonstrated that collaboration requires considerable up-front investment of time and attention to build trust and understanding among partners, but the resulting benefits are huge and far exceed those of research projects conducted in isolation. Building consensus on research objectives avoids misunderstandings that can make the collaboration more arduous than it need be. There is increasing demand for research that is broader in scope and requires collaboration of multiple sectors and disciplines, as was the rationale for the CFRN. The diverse capacity required to meet the interdisciplinary research challenges of sustainable fisheries is not available in any one sector or institution and therefore demands a network approach that goes beyond linking people across geography and institutions to assembling a multidisciplinary team for unique, collaborative research on practical issues.
The CFRN was novel compared with other fisheries and oceanbased networks because it had industry as a full partner and because industry questions were the basis for the research. To have industry, academia, and government as equal partners was unique in Canada and internationally (e.g., CFRN stood out at the World Fisheries Congress; GAP2 had industry and academia but not government, while others have academia and government but not industry). Each group provides different but complementary capacities to the issues that fisheries face now and in the future. The CFRN demonstrated the importance of industry contributions on the water and intellectually to research.
Future research should include greater participation by fisheries managers and policy makers. It was difficult to engage managers and policy makers in the CFRN in part because of different needs, operations, and time pressures between the management and science sectors. There are also different time scales at play when dealing with tactical compared with strategic issues, such as the establishment of total allowable catch (often annually) versus the development of allocation policies (usually long-term) . Owing to time and resource constraints, fisheries managers and policy makers tend to focus more on tactical, operational issues than strategic research questions. Despite such challenges, their involvement is key to ensuring that research results will be used to guide management (e.g., continuance of the Hawke Channel closed area management following CFRN research). Canada needs more research on management strategy and policy evaluation, and those in management and policy roles need greater connection with research. A strategic national research program of fisheries management and policy science in DFO would enhance the basis for management practices and policy development and would help transition research into management, especially if the program was designed to complement research programs and initiatives in fisheries science.
Canada would benefit from an ongoing arrangement to enhance collaborative research that links academia, government, and fish harvesters nationally in a unified research program based on strategic fisheries issues. Existing research platforms and funding arrangements are insufficient to support such a national, tripartite collaboration; most facilitate research either regionally or in only one or two of the sectors. The CFRN used a portfolio of separate contributions, primarily from NSERC, DFO, and fish harvesters (Fig. 2) , but a more unified approach such as that of the Australian Fisheries Research and Development Corporation (FRDC; http://www.frdc.com.au) would enable a more cohesive and effective collaboration. Established in 1991, the FRDC is a statutory authority that manages research and development investment by the Australian Government and the Australian fishing and aquaculture industries. It is a co-funded and collaboratively administered partnership that has considerable responsibility to ensure, on behalf of the Australian Government, that research is undertaken to support the management of fisheries and aquaculture resources for ongoing sustainability. This model is appealing because it facilitates collaboration among government and industry sectors with academic researchers and establishment of priorities and co-funding of strategic research that benefits the three sectors of the fishing industry (commercial (wild catch and aquaculture), recreational, and indigenous) and also delivers a public good benefit to the Australian community. Another model that warrants consideration is the United States Cooperative Fish (and Wildlife) Research Units, which have been in existence since 1935 (https://www.usgs.gov/ecosystems/ cooperative-research-units). These Units were formed to provide graduate training, research, and technical advice for the management of fisheries and wildlife resources. They bring together, and are supported by, federal and state agencies and universities. Research directions are determined by the cooperators based on management priorities. There are currently 40 Units in 38 states. A similar structure in Canada that included industry could promote long-term collaborative research and training directed at issues of priority to fisheries management.
Conclusion and recommendations
The CFRN produced novel and important research in key areas of applied fisheries science and demonstrated the benefits of linking industry, academia, and government in their unique institutions to make a positive impact on fisheries research in Canada. The combined capacity of industry, academia, and government in fisheries research is worthy of continued and greater investment. Canada's research capacity is being stretched by the requirements of an ecosystem approach, the need for certification, and ecosystem change, and thus there is an increasing need for collaboration. Each sector has unique knowledge and skills, and together they can undertake the research needed to meet the challenges of fisheries sustainability. Although time-consuming, collaboration is cost-effective, logical, and necessary, and the CFRN demonstrated proof of concept. There is a critical need for ongoing support and
